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Abstract 

We consider six-dimensional supergravity with gauge group 50(10) x U{1)a-, 
compactified on the orbifold T^/Z 2 . Three quark-lepton generations arise as zero 
modes of a bulk 16-plet due to magnetic flux of the anomalous U{1)a- Boundary 
conditions at the four fixed points break 50(10) to subgroups whose intersection 
is the Standard Model gauge group. The gauge and Higgs sector consist of “split” 
50(10) multiplets. As consequence of the U{1)a flux, squarks and sleptons are 
much heavier than gauge bosons, Higgs bosons, gauginos and higgsinos. We thus 
obtain a picture similar to “split supersymmetry”. The flavor structure of the 
quark and lepton mass matrices is determined by the symmetry breaking at the 
orbifold fixed points. 
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1 Introduction 


Fermions and bosons play a very different role in the Standard Model. It is remarkable 
that quarks and leptons form three copies of complete multiplets of a grand unihed 
(GUT) group, SU{5) or S'O(IO), whereas gauge and Higgs bosons are single, incom¬ 
plete, “split” multiplets. In the following we shall propose a model where this differ¬ 
ence is explained by connecting GUT symmetry breaking and supersymmetry breaking: 
Scalar quarks and leptons are very heavy because they belong to complete GUT mul¬ 
tiplets, whereas supersymmetry breaking is small for gauge and Higgs helds since they 
form incomplete GUT multiplets. One is thus led to a picture similar to “split super- 
symmetry” [^1^. 

Our discussion is based on supersymmetric theories in higher dimensions. Grucial 
ingredients are GUT symmetry breaking by Wilson lines , the generation of a fermion 
multiplicity by magnetic flux and the associated breaking of supersymmetry [^. 
Interesting orbifold GUT models have been constructed in hve dimensions for SU (5) 

^ and in six dimensions for S'O(IO) [^[^. We consider supergravity in six dimensions 
(TTp^ compactihed on the orbifold T^/Z 2 . Effects of flux and Wilson lines, in particular 
the cancellation of anomalies due to the generated zero modes, have recently been 
Magnetic flux also plays an important role in the stabilization of the 


studied in 13 


compact dimensions 14 


The proposed model is based on the gauge group S'O(IO) x U{1)a- The three 
quark-lepton generations arise as zero modes of a bulk 16-plet due to magnetic flux 
of the anomalous U{1)a- As a consequence, supersymmetry breaking is large, and 
squarks and leptons are heavy. Following [^[^, S'O(IO) is unbroken at one 

orbifold hxed point and broken at the other three to standard SU (5) x U{l)x 0 , the 
Pati-Salam group S'f/(4) x SU{2) x SU{2) and flipped 517(5)' x U{l)x' 19, 20], 
respectively. The intersection of these groups is the Standard Model gauge group, and 
the zero modes of bulk helds uncharged under the anomalous 17(1)^ form M = 1 gauge 
and Higgs split multiplets. Hence, at tree level M = 1 supersymmetry is unbroken in 
the gauge and Higgs sector. 

In Sec. [^the symmetry breaking of the 50(10) GUT model will be briehy reviewed. 
The effective supergravity actions in six and four dimensions are discussed in Sec. fol¬ 
lowing [^, with emphasis on the cancellation of the 50(10) x 17(1)^ anomaly induced 
by the hux. Some aspects of the havor structure of quark and lepton mass matrices 
and quantum corrections to the mass spectrum are the topic of Sec. 
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2 SO{10) GUT in six dimensions 

Our starting point is a supersymmetric 50(10) model in six dimensions compactified 
on the orbifold T^/Z 2 . In addition to a vector multiplet in the adjoint representation 
45, the model contains several hypermultiplets in the representations 10, 16 and 16*. 

A strong constraint on the consistency of the model is the cancellation of bulk 
anomalies. The anomaly polynomial is given by 

-^8 = ^ (^(2 - Sio + Si6 + Si6*)tr(.F"^) + —(6 - Sio)tr(F^)^^ , (1) 

where f3 = —l/(27r)^, F is the 50(10) held strength, and Sio, Sie and Sie* are the 
multiplicities of the indicated representations. Note that we have expressed all traces 
in terms of the trace in the 16 representation, i.e. tr = trie. The components of the 
vector multiplet can be split into the components of a 4d A/" = 1 vector multiplet 
A = X), = 0,... ,3, and a chiral multiplet S = (As^g, A'), where (A, A') forms a 

6d Weyl fermion. Correspondingly, a hypermultiplet 0 splits into two chiral multiplets, 
(j) = (0, x) and 0'^ = Note that y and different, left-handed 4d Weyl 

fermions. With respect to a 0(1) charge the hypermultiplet, one of the chiral multiplets 
and the associated complex scalar carry the same charge, hence these helds are all 
denoted by (j). The second chiral multiplet and the associated complex scalar carry 
opposite charge and are therefore denoted by 0^. The orbifold compactihcation breaks 
the M = 2 symmetry of the bulk to A/" = 1 via the boundary conditions 

= A{x,y), S(a;,-y) =-S(a;, y), 

0 a(x, -y) = ? 7 " 0 «(x, y ), 0 (((x, -y) = -r 7 “ 0 ^(x, y ), 

where the 77 " are parities of the helds (pa with (r;")^ = 1. This breaking of supersym¬ 
metry at the hxed points generates well-known hxed point anomalies. For 50(10), 
however, they vanish since tr(F’^) = 0. 

A look at the anomaly polynomial ([^ shows that a particular choice of 50(10) 
bulk helds is singled out: sio = 6 and sio — sie — sie* = 2. In this case the entire 
bulk anomaly vanishes. Such a GUT model has indeed been studied, with six 10-plets 
Hi,... two 16-plets ip, T and two 16*-plets [^[^. The breaking of the 

GUT group 50(10) takes place at the orbifold hxed points. 50(10) remains unbroken 
at the hxed point Ci = 0 whereas at the other three hxed points, Cps, Cqg and Ca, 50(10) 

^In this paper we ignore gravitational anomalies. 


21,22 
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Figure 1: Structure of the gauge groups at the four hxed points. By choosing different boundary 
conditions, one obtains an unbroken S'O(IO), a Georgi-Glashow SU{5), a Pati-Salam, and a flipped 
SU (5) GUT group at the four orbifold hxed points, respectively. 


is broken to standard SU{5) x U{l)x, the Pati-Salam gronp 517(4) x SU{2) x SU{2) 
and flipped 517(5)' x 17(l)x', respectively (see Fig. [^. This is achieved by generalizing 
the bonndary conditions ([^ 

PiA{xXi-y)P^~^ = ViMxXi + y), PMxX^-y)P^~^ =-vM^Xi + y), 
PXaix, Ci-y) = <0a(x, Ci + y), PXlix, Ci-y) = Q + y), 

where Pi, i G {I,PS,GG,fl} are matrices breaking 50(10) to the respective snbgronps. 
The decompositions of the 50(10) representations with respect to these snbgronps read 

Gps : 45 ^ (15,1,1) © (1, 3,1) © (1,1, 3) © ( 6 , 2, 2) 

10 ^(1,2, 2) ©( 6 ,1,1) (4) 

16 ^ (4, 2,1) © (4*, 1, 2), 16* ^ (4*, 2,1) © (4,1, 2) 

• 45 —y 24o © Iq © IO 4 © 10^4 

10 ^ 52 © 5*_2 (5) 

16 ^ 5 ; © 10_i © 1_5 , 16* ^ 5_3 © 10*1 © I 5 

The intersection of the gronps Ops, Ogg and Oh contains the Standard Model gronp 
with an additional 17(1) factor, O'gj^ = 517(3) x 517(2) x 17(l)y x 17(l)x, and the varions 
hypermnltiplet intersections yield Standard Model representations. The parities yf can 
be chosen snch that the zero modes of the 10-plets are Higgs donblets and color triplets. 
Hi D Hu, H 2 D H^, H^ 4 ^ D Di 2 , H^ q D DI 2 ', fhe zero modes of one of the 16-plets and 
the 16*-plets are weak donblets, color triplets and singlets,'^ D L, D L^, T D N'^ 
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and D D, N 23,24 . At each fixed point one projects to a vector-like representation 
snch that no fixed point anomalies are generated. H 12 and C tt', C play the 
role of Higgs fields which break the electroweak symmetry and B — L, respectively. The 
varions vector-like exotics can become massive. 


In the model described in 23,24 , three 16-plets are introdnced at the three fixed 
points CpS) Cgg and Ca- They contain the qnarks and leptons of the Standard Model, in 
standard notation —>• (g^, h, nf, ef, df, nf). Hence, the chiral matter of the Standard 
Model is introduced as brane fields, unrelated to the bulk fields. In contrast, we shall 
pursue in the following a different approach in which the ipi are not independent fields 
but rather zero modes of the bulk field ip generated by the flux of an anomalous U{1). 
We therefore extend the bulk gauge group to S'O(IO) x U{1)a, assign charge q to ip 
and charge zero to all other fields. The total gauge field is 


A = + A'I, F = dA + iA A A = F + F' (6) 


and the covariant derivative for the 16-plet reads Dm = Qm This leads 


to a mixed bulk anomaly. From the general expressions 21,22 one easily obtains 


^ tr (^6 F A F + F' A F') A F'^ . 


(7) 


In addition, a fixed point anomaly is generated. 


li = ^<5otr (dFAF + g^F'AF') AF'Ana, (8) 

where a = l/(27r)^, 5o is a sum of ^-functions located at the four orbifold fixed points, 
and V 2 is the volume-form of the orbifold. The integrated anomaly polynomial 


76=/ 47 = ^tr fdFAF + g^F'AF') AF' (9) 

JT 2 /Z 2 24 V / 

corresponds to the 4d anomaly of a Weyl fermion that is a 16-plet of S'(9(10) with 
U{1)a charge q. 

The bulk and fixed point anomalies ([^ and (|^ can be canceled by a generalization 
of the Green-Schwarz mechanism [^. The bulk part is factorizable and hence can be 
canceled in the standard way. Moreover, additional localized terms allow to cancel the 
fixed point anomalies, c.f. ^E\ . 

Accounting for the S'(9(10) symmetry breaking at Q, the fixed point anomaly be- 
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comes (cf. (2^ ) 


4 oc SitT[3PiFAF + q^F' AF) AF' Av 2 

i=I,PS,GG,fl 


( 10 ) 


In order to cancel the additional contributions, further localized terms transforming in 
the various 50(10) subgroups have to be included in the Green-Schwarz counter term. 
We expect that it is possible to cancel all the gauge anomalies in this way. In fact, 
there are examples of similar, anomaly free 6d supergravity theories, e.g. a 6d SU{6) 
model that was obtained as an intermediate step in a compactihcation of the heterotic 


string 28 . Note that also torus compactihcations of Type I string theory can lead to 


the pattern of “split supersymmetry”, see [^. Since the focus of this paper is on the 
additional zero modes generated by bulk magnetic flux, we shall ignore the effects of 
50(10) symmetry breaking on the hxed point anomalies in the following. A complete 
discussion will be given in (^. 


3 Flux and Green-Schwarz mechanism 

Let us now consider supergravity in six dimensions, following the discussion in (I^ . 
The bosonic part of the 6d supergravity action with gauge groups 50(10) and U{1)a 
is given by 

5 = [ (^R-^d(pA*d(p- A*H- ^ehr{F A *F) - \e^F' A *F' 

J Z Z Z Z 

It involves the Ricci scalar R, the dilaton 0, the held strengths of the 50(10) and 
U{1)a gauge helds A = [Am + A'^)dx^, and the held strength of the antisymmetric 
tensor held B = ^BMNdx^ A dx^, 



H = dB + X3. (12) 

Here is a linear combination of the 0(1) Chern-Simons term and localized contri¬ 
butions at the hxed points. 


X^ — A' A F' -\- p A5 oV2 1 


(13) 
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with p = Invariance of the action 01 under gauge transformations, 5A = 

6 A + 5A! = dA + i[A^ A] + dA', requires that the tensor held transforms as 


5dB = -5X^ = -d (A'F' + pA'5oV2) • (14) 


Introducing the 50(10) Chern-Simons 3-form 


Ws = tr 


A dA -\- 


jAhAhAj , 


(15) 


the anomaly polynomials ([^ and (|^ correspond, up to local counter terms and a 
normalization, to the anomaly 


= /5 (cjg + yA' A F') AF' A dA' 

+ a ( 0)3 -|- 27 A' A F') A 60 V 2 A dA ', 


(16) 


_ 2 

where we have introduced the parameters {3 = 6g^/3, a = 3qa, and 7 = with dr 
the dimension of the representation charged under the anomalous 0 ( 1 )^, here dr = 16 . 
Note that Aq does not depend on A. This hxes the Green-Schwarz counter term as 


5gs 


J f3 {u 3 + 'y A' A F' + pj A'5 oV 2) A dB , 


(17) 


We now introduce a background held with constant hux. 


A' = (A'} + A, F'= (F'} +F = fv 2 + F. 


(18) 


Neglecting the dependence of the gauge helds A and A on the coordinates of the compact 


dimensions, one obtains from Eq. (16) the 4d anomaly 


Ai = [ -^6 = w (/ + 2p) ( uis + 27 A A F) AdA. 


' T2/Z2 


(19) 


It contains the ehect of the 4d zero modes generated by the hux and the boundary 
conditions. In a consistent truncation, where oh-diagonal terms are set to zero, we 
decompose the redehned tensor held B = B — (A') A A 


14 


as 


dB = db A V 2 + did , 


( 20 ) 
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where 6 is a real scalar field. The axion transforms as 6 db = — (/ + 2p)dA under 4d 
gauge transformations. 

With this truncation the decomposition of the field strength H reads 


H = {dh + f A + p5oA) Av2 + H, H = dB +A AF. 


( 21 ) 


Consequently, there is a 5‘q contribution from the kinetic term of the 3-from if, which 
has to be regularized. In the following we use a regularization that is compatible with 
anomaly cancellation. A full description depends on the UV completion resolving the 
orbifold singularities and is beyond the scope of this paper. 

It is now straightforward to evaluate the gauge part of the action ( [II| and the 

in the case of background flux, i.e. for the gauge fields A 


Green-Schwarz term 


and {A') + A, following 
dilaton by the real scalar fields t and s, 


1^. Performing dimensional reduction, replacing radion and 


t = r^e 


s = . 


( 22 ) 


and dualizing the antisymmetric tensor 13 to the real scalar c. 


nH = W* + 1,3 (/ + 2p) , 


(23) 


one finally arrives at 


‘S'g + ‘S'gs = 


' MxX 


< M 


- ^e^'^ff A *ff - ^e'^tr(F A *F) - A *F' 

— /S ( 0)3 + 7 A' A F' + p 7 A'5oV2) A dB 

P 


-tr(F A *F)-Fa *F — 


1 


2 Fs 


~ ^ + (/ + 2p) Aj A * \^db + (/ + 2p) A 

- ^ (c^c + p 7 (/ + 2p) A^ A* (^dc + p 7 (/ + 2p) A 
~ 2 ^ (0)3 + 7A A F j Adb — A A F A dc. 


(24) 


Here only the zero modes of A contribute, which are contained in the unbroken group 
Ggjyj. Eqs. (21) and ( |2^ imply for the 4d gauge transformation of the axion fields 
6 db = —(/ + 2 p)dA and 6 dc = —^^■j{f + 2p) dA, respectively. One easily verifies 





that the total 4d action is gauge invariant, i.e. S{Sg + *S'gs) = / •^4- Hence the chiral 
anomaly induced by the U{1)a flux is indeed canceled by the Green-Schwarz term. 

For a bulk flux / = —AnN/q one obtains N left-handed S'(9(10) 16-plets xjji as zero- 
modes. Their chiral anomaly is canceled by the Green-Schwarz term. After performing 
the Wilson-line breaking of S'O(IO) to the Standard Model gauge group, an additional 
doublet L associated with xfj (see Sec. remains as a zero modes. It is not immedi¬ 
ately obvious why this happens and why the N 16-plets induced by the flux are not 
projected by the Wilson-line breaking. An important consistency check is the anomaly 
cancellation discussed above, and a more detailed picture is obtained by considering the 


zero-mode wave functions. For a G(l) bulk flux the effect has been worked out in 13 


The orbifold projection of to T^/Z 2 yields for each 6d Weyl fermion one chiral 4d 
fermion. Without flux most zero modes of the 16-plet are projected out except for 
the doublet L. With flux one obtains 1 -|- A^ zero modes for each mode that survives 
the Wilson-line breaking, and N zero modes for each mode that is projected out by 
the Wilson lines. Altogether one then obtains N 16-plets and one doublet (L) as zero 
modes. Note that the fields contained in the 16-plets develop different wave function 
profiles corresponding to their transformation properties with respect to the Standard 
Model subgroups of 50(10). A detailed description of the 50(10) wave functions will 


be given in 30 


The action (24) contains two axions, b and c. One linear combination gives mass to 


the vector boson A, whereas a second linear combination, a, plays the role of a massless 
axion. The vector boson mass and the specific form of the linear combinations depend 
on the details of the regularization, the vacuum expectation values of the moduli fields 
s and t, and the number of flux quanta N = 

The massless combination a couples to the massive U{1) vector boson A and to the 
massless gauge fields of the Standard Model, as qualitatively described by the action 


5a = 


>M 


^ — tr(FgM' A *Fsm') — — da a *da + \atT{FsM' A FgM')) • (25) 


Note that a receives a mass through non-perturbative QGD effects. Again, the param¬ 
eters A and k are sensitive to the short distance behavior of the compactiflcation. For 


a pure f/(l) theory these quantities have been calculated in 13 
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4 Phenomenology 


In this section we briefly comment on phenomenological aspects of the proposed model. 
A definite prediction is the flavor structure of the quark and lepton mass matrices. At 
the different fixed points the various Higgs fields are projected to representation of the 
respective S'O(IO) subgroups, 

{ hfi D hfs D H 2 D hfs* 3 Hd at Cgg , 

H^DH-^DHd at Cfi , (26) 

-Hi, 2 3 (1, 2 , 2 ) D Ai ,2 = {Hu, Hd) at Cps 5 

where we have also indicated the doublets Hu and Hd of the MSSM, which are contained 
as zero modes. Furthermore, we denote here and in the following the representations 
of Gfl with a tilde in order to distinguish them from the representations of Ggg- The 
three IGj-plets, i = 1, 2, 3, of zero modes have the decomposition 

( (5*,10i,nf) at Cgg, 

16, (5:,10i,ef) atCfl, (27) 

I (4,4*) at Cps , 

where we have suppressed the U{1) charges and the SU{2) x SU{2) transformation 

properties which are given in Eqs. ([^ and Q, respectively. The held T, which trans¬ 
forms also in the 16 of S'O(IO), decomposes in the same way. For later reference we 
introduce the following notation for some components of T*: 

r 1 = iV at Cgg , 

T* D <! 10* = T* D N at Cfi , (28) 

[ 4 = F D N at Cps • 

At the fixed points, the M = 2 supersymmetry of the bulk is broken to TV = 1 

supersymmetry. Hence, superpotential terms of the type 16 16 Hi 2 and 16 16 
are allowed. They carry charge 2q with respect to U{1)ai which can be compensated 
in the standard way by an exponential term involving the two axions. In the following 
we suppress the axion dependence in the quark and lepton couplings. 
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The fixed point superpotential is determined by the symmetry breaking at Q, 

Wpp = (h^l6 16 Hi + h^l6 16 H 2 + h^l6 16 

+^GG{h^^'^0 10 + h^^5*10 + hf^n'^rfNN) 

+5ps(C4 4*Ai + hf 4 4*A2 + F ) 

+5fl (hUlO 10 + hl^*10 + h^lO 10 f*f*). (29) 


At each fixed point, the superpotential couplings of the bulk fields induce matrices Cjj 
of couplings between the zero modes 16^, which are given by the products of the zero 
mode wave functions at the respective fixed point. Since some wave functions vanish 
at certain fixed points, the matrices Cij have a certain number of zero entries. Hence, 
one obtains “textures” which are determined by the local symmetry breaking patterns. 


From Eq. (29) one obtains the 4d superpotential 


= 

(hi' 

4 

+ 

"-u 

„GG 

+ 

"-u 


+ 

(hd' 

4 

+ 

uGG 

„GG 

+ 

lPS 

'^d 


+ 

ihd< 


+ 

hT 

GG 

+ 

>PS 


+ 

(hi' 


+ 

hT 


+ 

'^u 


+ 

(hi 

^ij 

+ 

hT 

^0 

+ 




+ Kc%) HuQiU 
+ hdcfj) HdQid 
+ hlc%) Hde^lj 
+ Kc%) HJiH 


n'rnmN. 

^ J 


(30) 


Inserting the vacuum expectation values of the Higgs fields, {H^) = Vu, (Ha) = Vd and 
(A) = vb-Li yields the quark and lepton mass matrices 




ij i 3 


ip 






(31) 


which can be read off from Eq. (30). The detailed predictions for quark and lepton 


masses and the CKM and PMNS mixing matrices will be described in 30 


For three quark-lepton generations the number of orbifold flux quanta is A = 3, 
and the masses of squarks and sleptons are given by (5,14 


= 


AtiN 


V 2 


(32) 


where V 2 is the volume of the compact dimensions. Thus, is a dynamical quantity 
which depends on the moduli fields. The corresponding moduli stabilization has to 
be consistent with the unification of gauge couplings and proton decay. At tree level. 
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gravitino, gauginos, higgsinos and Higgs bosons are massless. The flnx corresponds to a 
D-term breaking of snpersymmetry j^, and qnantnm corrections will generate masses 
for all theses particles. For M ~ 10^^ GeV, one wonld have ^ 3/2 ~ 10^^ GeV. Since at 
tree level gangino masses are protected by an R-symmetry and the higgsino masses by 
a PQ symmetry, one has 


rUg = mj > m 3/2 > mi/ 2 , , 


(33) 


This mass hierarchy is realized in split snpersymmetry with ganginos in the TeV range 


31 or in “spread snpersymmetry” with heavier ganginos and a higgsino LSP 32 


The details of the mass spectrnm depend on the treatment of qnantnm corrections, in 


particnlar the contribntion from anomaly mediation 33 ,^. Alternatively, one may be 
left jnst with the Standard Model and an axion. 

A well-known problem of split snpersymmetry is the fine-tnning of the Higgs po¬ 
tential, not to mention the cosmological constant. It remains to be seen whether the 
higher-dimensional framework discnssed in this paper can shed some new light on these 
problems. 
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